Abstract Thioester-containing proteins (TEPs) form an ancient and diverse family of secreted proteins that play central roles in the innate immune response. Two families of TEPs, complement factors and α 2 -macroglobulins, have been known and studied in vertebrates for many years, but only in the last decade have crystal structures become available. In the same period, the presence of two additional classes of TEPs has been revealed in arthropods. In this review, we discuss the common structural features TEPs and how this knowledge can be applied to the many arthropod TEPs of unknown function. TEPs perform a wide variety of functions that are driven by different quaternary structures and protein-protein interactions between a common set of folded domains. A common theme is regulated conformational change triggered by proteolysis. Structure-function analysis of the diverse arthropod TEPs may identify not just new mechanisms in innate immunity but also interfaces between immunity, development and cell death.
Introduction
Thioester-containing proteins (TEPs) are large (>100 kDa), secreted glycoproteins found in both deuteromes and protostomes. Two classes of TEPs are well known. Complement factors are monomeric and deposit on surfaces when activated (Müller-Eberhard 1975) . In contrast, α 2 -macroglobulins (A 2 Ms) are typically multimeric, pan-protease suicide inhibitors that encapsulate targets once cleaved in a protease-sensitive "bait region" (Barrett and Starkey 1973) . These discrete functions are unified by the role of an internal β-cysteinyl-γ-glutamyl thioester bond that mediates covalent attachment of TEPs to substrates (Janatova et al. 1980; Law et al. 1980; Tack et al. 1980) . Both complement and A 2 M play key roles in innate immune responses. Complement deposition on pathogen surfaces causes enhanced phagocytosis (opsonization), recruitment of phagocytes to sites of infection (chemotaxis), and direct lysis, while A 2 Ms inactivate and clear protease virulence factors. Besides their immune functions, complement and A 2 M play important roles in homeostasis of immune responses and host serum proteases (Ricklin et al. 2010; Rehman et al. 2013) .
Complement activity was identified in other vertebrates and invertebrates prior to discovery of the thioester mechanism of binding (Day et al. 1970; Jensen et al. 1981) . Shortly after the discovery of A 2 Ms, they were identified in both vertebrates and invertebrates, notably the horseshoe crab Limulus polyphemus (Starkey and Barrett 1982b, a; Starkey et al. 1982; Armstrong 1983, 1985; Armstrong and Quigley 1987) . Today, TEPs identified as complement factors and A 2 Ms have been identified across animal phyla (chordates, arthropods, echinoderms, coelenterates, molluscs), and A 2 Ms have been identified in bacteria. However, complement and A 2 M have been lost in certain lineages, most notably in the protostomes. While complement factors have been identified in crustaceans and arachnids, insects have two novel classes of TEP: (1) insect TEP (iTEP) and (2) macroglobulin/ complement-related (MCR).
Dramatic progress in the past decade has provided a plethora of structural data to guide the analysis of TEPs with unknown function (Table 1 ). The complement system as well as the A 2 Ms have recently been reviewed (Armstrong 2006; Ricklin et al. 2010) , including discussion of their structural features (Forneris et al. 2012; Gros et al. 2008; Lea and Johnson 2012; Rehman et al. 2013) . In this review, we discuss the common chemistry and architecture of TEPs based on the present knowledge of complement factors, A 2 Ms, and the one iTEP of known structure, Anopheles gambiae thioestercontaining protein 1 (AgTEP1). We then discuss the known or predicted features of arthropod TEPs, especially the complement-like mechanism of AgTEP1. The roles of quaternary structure and conformational change in TEP function are major obstacles to predicting function from primary sequence data. Structure-function studies are therefore required to understand the molecular properties of iTEPs, which are likely to be a source of novel biochemical diversity within this ancient protein family.
The architecture and chemistry of TEPs
TEPs are modular proteins that contain three types of domains. The thioester domain (TED) is a 12-helix α-α barrel with the inner helical N-termini forming a concave face (Fig. 1a) (Nagar et al. 1998 ). The TED is inserted within the TEP CUB domain, which contains eight β-strands in two antiparallel β-sheets (Fig. 1b) (Bork and Beckmann 1993; Romero et al. 1997; Varela et al. 1997) . The TEP CUB starts at the third strand of the canonical fold, so the N-and C-terminal β-strands occupy adjacent positions in a single β-sheet. The CUB in turn inserts between a series of macroglobulin domains (MG), seven β-strands arranged in two antiparallel β-sheets with a jelly-roll topology (Fig. 1c) . MG topology is similar to the fibronectin-III (fnIII) fold (Leahy et al. 1992) , found in numerous protein families such as integrins and transglutaminases.
All TEPs have eight MG domains (MG1-8). The MG8 domain, known as the receptor-binding domain (RBD) in A 2 Ms, contains an additional β-α-β motif within the C-C' loop that packs against strand E in the first sheet and strand C of the second sheet (Fig. 1d) . Complement factors have two more domains: the anaphylatoxin (ANA) and C345C domain. ANAs are small (74-77aa) 4-helix bundles stabilized by three disulfide bonds (Morikis et al. 2005; Klos et al. 2013) , while the C345C domain is a~150aa α/β domain with a netrin fold (Bányai and Patthy 1999; Ishii et al. 1992) appended to the C-terminus of the MG8 domain by a 2-disulfide anchor (ANK) motif.
The key feature of thioester-containing proteins is an internal β-cysteinyl-γ-glutamyl thioester bond (Janatova et al. 1980; Law et al. 1980; Tack et al. 1980 ). The thioester is contained in a specific sequence motif, Cys-Gly-Glu-Gln (CGEQ), located in the loop before the first inner helix (α2) of the TED (Fig. 1a) . Thioester bonds are labile to hydrolysis or nucleophilic attack by amine and hydroxyl functional groups. In a synthetic model peptide, and the protein under denaturing conditions, substitution by the peptide nitrogen to form a lactam is preferred (Khan and Erickson 1981; 1982; Khan et al. 1986 ) resulting in autolytic cleavage of the peptide bond ( Fig. 1e ) (Sim and Sim 1981) . Autolysis of the peptide chain is prohibited by folding of the TED in the native state. However, the thioester is still susceptible to hydrolysis if exposed to the solvent. Hydrolysis is prevented by sequestration of the thioester in a protein interface between the TED and MG8 domains. Regulated proteolysis within a separate protease-sensitive region in both complement factors and A 2 Ms causes a large conformational change that disrupts the TED-MG8 domain interface, thereby exposing the thioester bond.
Hydrolysis is an example of general nucleophilic attack on the thioester (Fig. 1e) . Small amines such as methylamine (MeNH 2 ) can access the TED-MG8 interface to react with the thioester. Primary amines or alcohols are better nucleophiles than water. Hence, activation of TEPs in proximity to a protein or cell surface leads to covalent attachment of the TEP to the protein or surface, respectively. Within the complement system, proteolytic activation is tightly regulated by recognition of non-self to avoid an auto-immune response. In contrast, A 2 M activation is unregulated. Cleavage in the bait region leads to protease sequestration by covalent attachment to, and/or entrapment of, the activating protease (Barrett and Starkey 1973; Crews et al. 1987; Feldman et al. 1985) . A 2 Ms not only sequester pathogenic proteases but also physiological proteases, helping sense and maintaining a homeostatic level of protease activity within the serum (Chu et al. 1994; Rehman et al. 2013) . In some TEPs, thioester reactivity is enhanced by nucleophilic catalysis, specifically by a residue in the catalytic loop conserved as histidine in many complement factors. In an elegant series of studies, Dodds and Law demonstrated that , thioester bond in VDW spheres, α3-a4, α5-α6 (catalytic) and α9-α10 (β-hairpin) loops shown in pink. b-d Topology and ribbon diagram of the three β-sheet domains of complement C3, α 2 -macroglobulin (A 2 M) and AgTEP1. b CUB domain, strand 1 corresponds to strand 3 of the canonical CUB fold. c MG2, β-strands labeled according to fnIII, with A-B-E forming one sheet, and C-C'-F-G the other. d MG8, β-α-β insertion highlighted in yellow. e Chemical reactions of the thioester loop CGEQ: autolytic cleavage, nucleophilic substitution and nucleophilic catalysis. PDB IDs (Table 1) 
the histidine acts as nucleophilic catalyst, accelerating the reaction of complement factors with hydroxyl nucleophiles, including hydrolysis (Law et al. 1984; Law 1988, 1990; Sepp et al. 1993; Dodds et al. 1996; Law and Dodds 1997) . For A 2 Ms, the histidine is usually replaced by acidic or neutral residues, nucleophilic substitution is uncatalyzed, and the preference for amine nucleophiles is enhanced. Differences in reactivity and selectivity between different complement factors, however, suggest that other residues in the catalytic and surrounding loops also affect the thioester's reactivity for a given substrate (Dodds and Law 1990 ).
Inter-domain interactions and conformational change
The TED, CUB, and MG domains of TEPs adopt a common quaternary structure (Fig. 2a) that is crucial to their function. Conformational changes accompanying activation expose both the thioester bond and so-called 'cryptic' binding sites for surface receptors and serum proteins, which mediate downstream signaling and effector mechanisms of TEP activation. Structures have been determined for the pre-activation state ( Fig. 2b ) of the three vertebrate complement factors C3-C5 and AgTEP1 (Janssen et al. 2005; Fredslund et al. 2006 Fredslund et al. , 2008 Baxter et al. 2007; Laursen et al. 2010) , and the postactivation state (Fig. 2c ) of C3 and C5 (C3b, C5b), and MeNH 2 -treated A 2 M (A 2 M-MeNH 2 ) (Janssen et al. 2006; Wiesmann et al. 2006; Hadders et al. 2012; Marrero et al. 2012) . Distortion of the quaternary structure, such as the preactivation state of AgTEP1 and disorder of RBD in the postactivation state of A 2 M, is discussed below. Some TEPs, such as C5, do not actually possess a thioester bond but have the same quaternary structure. Thus, proteolytic regulation of conformational change is a function independent of covalent binding to substrates.
In all TEP structures, the first six MG domains form a righthanded super-helix called the β-ring, in which the A/B/E β-sheet of MG1 and MG2 pack against the C/C'/F/G or MG5 and MG6, respectively. The LNK extends down the side of MG2-MG6 and MG1-MG5, donating a fourth β-strand to the MG1 A/B/E sheet. The protease-sensitive region spans the void created by β-ring, between the end of the LNK and the resumption of the MG6 fold. Thus, proteolysis splits TEPs into N-and C-terminal chains-the α and β chain, respectively-that remain associated as one molecule. Disulfide bonds connect the α and β chains in many TEPs but they are not required; the AgTEP1 structure, for instance, has no intra-chain disulfide bonds. Finally, multimeric A 2 Ms have intermolecular contacts, but the existence of monomeric A 2 Ms implies such structural features are not required for A 2 M function so they are not discussed further.
The TED-MG8 interface protects the thioester bond prior to activation (Fig. 2b) . The interface is stabilized by domain interactions with both the α and β chains. The TED inserts into the CUB β3-β4 loop. CUB in turn inserts between MG7 and M G 8 , c o n t a c t i n g T E D a n d M G 8 t o f o r m a 'superdomain' (Fredslund et al. 2006 ) superimposable in C3-C5 and AgTEP1. MG7 contacts both CUB and MG8 and the whole α chain sits on top of the β-ring, the MG2-MG6 dimer contacting the TED-CUB-MG8 superdomain while MG3 contacts MG7. There is currently no A 2 M crystal structure with an intact thioester bond, but flexible modeling of SAXS and EM data for tetrameric human A 2 M and monomeric E. coli A 2 M (ECAM) support a similar domain arrangement to that of complement and AgTEP1 (Marrero et al. 2012; Neves et al. 2012) .
TEPs undergo a large-scale conformational change upon activation (Fig. 2c) . The TED-MG8 interface separates and the TED moves 50-100 Å to a position at the base of the β-ring. Disruption of the TED-MG8 interface is a key feature in activation, as hydrolysis and aminolysis of the thioester have similar structural and functional consequences as proteolysis (basal complement activity due to hydrolysis is known as 'tick-over') (Pangburn and Müller-Eberhard 1980; Isenman et al. 1981) . During activation, MG7 and MG8 rotate around the central axis of the β-ring; in A 2 M-MeNH 2 , the RBD separates from MG7, becoming flexible relative to the remaining structure (Marrero et al. 2012 ). The β-ring adopts a similar prolate conformation in all post-activation TEP structures, suggesting that it represents a stable conformation for these domains.
The ANA domain plays a key structural role in complement activation. Complement factors contain a furin-sensitive site at the start of the protease-sensitive region and are cleaved at this position prior to secretion. The ANA, placed between this cleavage site and the resumption of the MG6 domain, acts as a molecular wedge between the MG3 and MG8 domains. A specific protease complex, or convertase, cleaves a scissile bond at the C-terminus of the ANA domain, which dissociates, destabilizing the MG8 domain and thereby causing activation. A similar structural trigger presumably exists in the bait region of A 2 Ms. In AgTEP1, MG3 is repositioned to stabilize the MG8 domain in the absence of the ANA by formation of a triangular MG3-MG7-MG8 interface (Fig. 2b) , distorting the MG1-MG6 super-helix relative to complement factors.
Structures of complement factors bound to regulatory molecules or receptors (Table 1 ) reveal a variety of cryptic binding sites generated by TEP activation (Gros et al. 2008; Lea and Johnson 2012; Forneris et al. 2012) . Regulatory factors are not conserved between vertebrate and arthropod lineages, so neither may be the cryptic binding sites involved in TEP regulation. Nevertheless the importance of cryptic binding sites to the function of TEPs is underlined by the fact that pathogens such as S. aureus produce specific factors that bind C3b and occlude the binding site for factor B, inhibiting complementmediated immune responses (Rooijakkers et al. 2009; Garcia et al. 2010) . Conversely, cobra venom contains a specific factor that mimics a C3b cryptic binding site for factor B to activate the complement system, stimulating vasodilation (Janssen et al. 2009; Krishnan et al. 2009; Laursen et al. 2010) . Thus, manipulation of TEPs by pathogens, parasites and predators is widespread, and can be a tool to identify significant physiological interactions between TEPs with other immune factors.
Structure-based prediction and analysis for insect TEPs

Phylogenetic analysis of arthropod TEPs
One may think the function of arthropod TEPs could be predicted by phylogenetic analysis in comparison to vertebrate complement factors and A 2 Ms. This is not necessarily true, as TEP function is dictated by quaternary structure that may be poorly correlated with primary sequence. The evolutionary history of arthropods is complex with multiple terrestrial colonizations by the subfamilies of arachnida and pancrustacea (Grimaldi 2010b, a). There is no singular molecular tree for arthropods (Edgecombe 2010) , and immune genes like TEPs are subject to species-specific expansion (Christophides et al. 2002) , So while mosquitoes (Anopheles, Aedes, Culex) have over a dozen TEP genes, Drosophila melanogaster has five and bees (Apis mellifera, Bombus impatiens) have only three.
Only a few arthropod TEPs have been functionally characterized and only one, AgTEP1, is of known structure. Despite its structural and functional homology to complement C3 (Baxter et al. 2007; Levashina et al. 2001 ), AgTEP1 clusters with arthropod TEPs, separate from both complement . Such lack of phylogeny led to a hypothesis that mosquitoes separately evolved a complement-like system in an instance of convergent evolution (Jacob 1977; Waterhouse et al. 2007 ). If so, Drosophila and other insects may have separately evolved either complement-like or A 2 M-like TEPs, making functional assignment by phylogeny difficult.
The common ancestor of AgTEP1 and complement factors, however, was probably a complement-like protein if not a complement factor. In a multiple sequence alignment with complement C3 from humans and the horshoe crab Carcinoscorpius rotundicauda (Zhu et al. 2005) , rat A 1 M and A 2 Ms from humans, the horseshoe crab L. polyphemus (tetrameric), and the hard tick Ixodes ricinus (Buresova et al. 2009 ), AgTEP1 clusters with complement factors (Fig. 3,  inset) . Both complement factors and iTEPs are found in the crayfish Pacifastacus leniusculus, the spider Hasarius adansoni, and ticks have members of all TEP classes (Kopacek et al. 2000; Buresova et al. 2009 Buresova et al. , 2011 Kopacek et al. 2012 ). Thus, the common ancestors of insects and other arthropods possessed both complement factors and A 2 Ms.
From the known structures of TEPs, the region starting from the conserved MG2-MG3 linker FXVXE(F/Y)VL to the end of the MG8 domain may be useful for classification of TEPs. The MG3-MG4 domain adopts distinct conformations in AgTEP1 and C3 and is a dimerization interface in A 2 M. The LNK and protease-sensitive region (from a conserved aspartic acid in MG6 βC to a conserved tryptophan in βC') contains the 6-cysteine ANA domain in complement factors, a conserved disulfide followed by the bait-region in A 2 M, and neither extra domains nor disulfides in AgTEP1. Finally, AgTEP1 and complement factors share the 4-cysteine ANK motif terminating the MG8 domain whereas A 2 Ms terminate with only a single cysteine.
Aligning the MG3-ANK regions of selected arthropod TEPs from Crustacea (L polyphemus A 2 M, C. rotundicauda C3, P. leniusculus A 2 M), Arachnida (I. scapularis), Hymenoptera (A. mellifera, B. impatiens), and Diptera (D. melanogaster, A. gambiae), four clades of arthropod TEPs are identified (Fig. 3) : complement (C3), iTEPs, A 2 Ms, and MCRs. True complement factors are only in crustaceans and arachnids, but all arthropods have complement or iTEPs. suggesting that a complement-like system of TEPmediated opsonization is broadly conserved in arthropods. The hymenoptera represent a minimum TEP repertoire for insects: an iTEP, an A 2 M, and an MCR. A subset of A. gambiae iTEPs exist as a species-specific expansion, while a separate, low-branched clade combines other Anopheles TEPs with Drosophila, the hymenopteran TEP, and Ixodes
IsAM3. An open question is whether this broad class are also complement-like or if some have A 2 M-like or unique/hybrid properties, since a homolog of known A 2 Ms has not been identified in the Diptera.
Functional analysis of A. gambiae TEP1
The malaria vector A. gambiae has multiple iTEPs, but AgTEP1 has been most extensively studied. AgTEP1 is a key factor in the immune response of mosquitoes to malaria, binding to Plasmodium ookinetes in the basal lamina of the midgut epithelium and targeting them for lysis (Blandin et al. 2004; Fraiture et al. 2009; Povelones et al. 2009 Povelones et al. , 2011 Baxter et al. 2010; Le et al. 2012 ). Unlike complement C3 or A 2 M, AgTEP1 is secreted as a full-length protein but is cleaved within the protease-sensitive region to produce a two-chain molecule AgTEP1 cut . Both full-length AgTEP1 and AgTEP1 cut are present in the hemolymph (Blandin et al. 2004; Fraiture et al. 2009 ). AgTEP1 has two classes of alleles, AgTEP1*S and AgTEP1*R, found in A. gambiae strains that are susceptible (S) or refractory (R) to Plasmodium infection, respectively (Blandin et al. 2004 (Blandin et al. , 2009 Molina-Cruz et al. 2012; White et al. 2011) . AgTEP1*S and R alleles are >90 % identical in sequence.
Variation between AgTEP1 alleles is mostly confined to the TED, CUB, or MG8 domains, and especially the α3-α4 loop, the catalytic loop (α3-α4) (Fig. 4a) . Thus, the distinct phenotypes between S and R mosquitoes may be directly related to the reactivity of the AgTEP1 thioester. Based upon the effect of variation in the catalytic loop in C4 allotypes (Law and Dodds 1997) , substitutions in the catalytic and pre-α4 loops can be expected to influence the reactivity of the thioester bond. Indeed, AgTEP1*S and AgTEP1*R alleles have significantly different rates of hydrolysis after cleavage in the protease-sensitive region (Le et al. 2012) .
Like complement, cryptic binding sites revealed by activation are expected to play an important role of AgTEP1. Unfortunately, most known complement system proteins are not conserved in insects, but some predictions can be made based upon existing complement structures. For instance, complement-control protein (CCP) domains are found in the Anopheles genome, including C-type lectin selectin-like 1 and 2 (CTLSE1, CTLSE2) with significant homology to human CR2 (>24 % identity, BLAST E<10 −5
), but no phenotype has been assigned. Low-density lipoprotein receptor 1 (LRP1), the known receptor for A 2 M, has been identified as a hemocyte receptor for activated AgTEP1 (Moita et al. 2005) . LRP1 is a multidomain protein with repeats of small disulfide-rich domains called low-density lipoprotein class A and B (LDLa, LDLb), which are also found in other complement proteins such as C6, C8, and Factor I. Actual binding of these, or any other protein with AgTEP1, is yet to be proven. Notably, the β-hairpin within the TED α9-α10 loop, which is a cryptic binding site for C6 on C5b (Hadders et al. 2012) , is a site of hypervariation between AgTEP1 alleles (Baxter et al. 2007; Blandin et al. 2009 ). Hence, allotypes of AgTEP1 may differ vary not only in their binding to pathogens but also in the effector pathways regulated by their activation.
In the absence of homologs to vertebrate complement components, new molecular mechanisms of TEP regulation have been discovered. AgTEP1 is regulated by the leucine-rich repeat (LRR) proteins LRIM1 and APL1C, two members of a A. gambiae TEP1 clusters with human and crustacean complement factors rather than A 2 Ms. b Schematic diagram of the protease-sensitive region for the four clades of TEPs found in arthropods. The LNK region of C3 and iTEPs are structurally homologous whereas the A 2 M LNK region is extended, terminating with a disulfide bond. A 2 Ms and iTEPs contain an unstructured region of broad protease-sensitivity while C3 and MCR have small, disulfide-rich domains between the LNK region and resumption of the MG6 fold Fig. 4 a Exploded view of the AgTEP1 TED-MG8 interface, highlighting distinct allotypes for the catalytic loop and the α3-α4 loop. b The crystal structure of the heterodimeric complex of LRIM1/APL1C, the helix-loop-helix (HLH) motif indicated by the boxed region. c Scale comparison of C3a, C5a and LRIM/APL1C HLH motif. d Current model of AgTEP1 regulation by LRIM1/APL1C. Short and long rounded rectangles represent the N-and C-terminal chains of TEP1, joined by a curved line representing the protease-sensitive, which is constitutively cleaved in the insect hemolymph. A yellow star indicates an intact thioester bond structurally distinct and mosquito-specific LRR protein family ( Fig. 4b) (Osta et al. 2004; Riehle et al. 2006; Waterhouse et al. 2010) . AgTEP1 cut requires the heterodimer of LRIM1 and APL1C for stability in vitro and in vivo (Fraiture et al. 2009; Povelones et al. 2009 Povelones et al. , 2011 Baxter et al. 2010; Le et al. 2012) . The crystal structure of LRIM1/APL1C (Fig. 4b) revealed a heterodimeric complex formed via their C-terminal coiled-coil domains including an interposed helix-loop-helix motif. The helix-loop-helix motif is an unusual structural feature for an extracellular complex. In comparison to the C3a and C5a fragments (Fig. 4c) , the dimensions of the loop are similar to that of the disulfide-bridged helices but the hand of the parallel helices is reversed. Deletion of the helix-loop-helix abrogates LRIM1/APL1C binding to AgTEP1 (Povelones et al. 2011) . The helix-loop-helix may act as a structural homolog of the ANA, inserting between the MG3 and MG8 domains to stabilize a reactive intermediate of AgTEP1 cut , that otherwise rapidly hydrolyzes in the fluid phase.
AgTEP1 cut slowly precipitates due to the hydrolysis of the thioester bond, but is stabilized by the presence of LRIM1/ APL1C (Fig. 4d) (Baxter et al. 2010; Le et al. 2012) . This stabilization strongly suggests that a ternary complex is formed between AgTEP1 cut and LRIM1/APL1C, though efforts in this laboratory have thus far failed to determine its structure. It may be that the ternary complex itself is of a weak or transitory nature, and exists in equilibrium with free AgTEP1 cut . The AgTEP1 cut /LRIM1/APL1C is presumed to be recruited to the site of infection where dissociation or degradation of LRIM1/APL1C leads to activation of AgTEP1 in direct proximity to the pathogen surface.
Much about the AgTEP1 complement-like system remains to be discovered. APL1A and APL1B, closely related proteins to APL1C, direct the AgTEP1 response to different pathogens (Mitri et al. 2009 ), but the mechanism is unknown. CLIPs, an arthropod-specific protease family (Jiang and Kanost 2000; Jang et al. 2008) , are reportedly involved in amplifying AgTEP1 activation following initial activation on a pathogen surface (Povelones et al. 2013) , again by mechanisms unknown. Activation of NOS signaling within the midgut epithelia during their traversal by Plasmodium parasites is important for later recognition (Oliveira et al. 2012 ). Finally, the P. falciparum protein P47 was recently reported to be responsible for parasite evasion of the AgTEP1 response (MolinaCruz et al. 2013) , again by mechanisms unknown.
Functional analysis of other iTEPs
The homolog of AgTEP1 in Aedes aegyptii has been implicated in the immune response to flaviviral infection (Cheng et al. 2011) . Drosophila melanogaster has four TEPs, DmTEP1-4, with an intact thioester bond. DmTEP1, DmTEP2, and DmTEP4, are upregulated on immune challenge (Lagueux et al. 2000) . In a cell-based RNAi assay, DmTEP2 knockdown impaired phagocytosis of E. coli, while DmTEP3 knockdown impairs the phagocytosis of Staphylococcus aureus, suggesting they function as opsonins (Stroschein-Stevenson et al. 2006) . DmTEP2 is also upregulated in S2 cells infected with the alphavirus Sindbis (Mudiganti et al. 2010 ). Yet, while AgTEP1 knockdown in vivo exhibits a strong phenotype for Plasmodium infection, TEP1-4-deficient flies are neither more susceptible to bacterial nor to fungal infection (Bou Aoun et al. 2011) . It has been suggested the lack of a phenotype for DmTEPs is a function of the infection model tested. If so, other classes of pathogens (e.g., kinetoplastids, parasitoid wasps), or natural routes of infection, involving invasion of the gut or barrier epithelia, may reveal an in vivo phenotype.
Transcriptional activation of TEPs upon infection has also been reported for tetse flies (Weiss et al. 2011 ) and honey bees (Erler et al. 2011) , but no functional analysis has been reported. Despite the large body of work on lepidopteran immunity, especially the tobacco hornworm Manduca sexta (Jiang et al. 2010) , there are almost no reports on lepidopteran TEPs. Two TEP genes were reported in the M. sexta immunotranscriptome, transcript levels were low and changes following mixedmicrobe injection small (Gunaratna and Jiang 2013) . A similar result has been reported for TEPs (described as 'macroglobulins') in the silkworm Bombyx mori (Zhao et al. 2012) . Hence, it is yet to be determined if iTEPs constitute a broadly conserved complement-like system in insects. If so, their mechanism of regulation is bound to be distinct from AgTEP1, since the LRIM1/APL1 family of LRR proteins are only found in mosquitoes (Waterhouse et al. 2010) .
The hard tick Ixodes ricinus has nine TEP genes: three genuine complement factors, three A 2 Ms, one iTEP (IrTEP, also IrAM3), and two putative MCRs (Buresova et al. 2011) . IrTEP knockdown reduced the phagocytosis of injected E. coli, but not C. indologenes, while knockdown of complement factor IrC3-3 reduced phagocytosis of both bacteria. It remains to be determined if ticks actually operate a simultaneous complement and complement-like system, or if IrTEP has a specific or unique role in the immune response to infection.
Macroglobulin/complement-related (MCR)
The MCR class of arthropod TEPs, named according to its annotation in the D. melanogaster genome, is worth special mention. While iTEPs vary greatly in number across insect genomes, a single copy of MCR is highly conserved across the hexapoda. Genetic knockout of MCR is larval lethal in Drosophila, but RNAi knockdown of MCR was found to impair the phagocytosis of C. albicans in Drosophila S2 cells (Stroschein-Stevenson et al. 2006) . As for DmTEP1-4, however, no in vivo phenotype was observed for MCR against the fungal pathogen B. bassiania (Bou Aoun et al. 2011) .
Unique structural features are apparent in the sequence of MCR in comparison to other TEPs. The thioester bond itself is mutated in almost all MCRs. MCRs are larger than most iTEPs, with an N-terminal extension prior to the start of the MG1 domain and an expanded MG3 domain. MCRs have a 6-cysteine domain within the protease-sensitive region, but, unlike complement factors, it belongs to the LDLa fold. Finally, MCRs contain a C-terminal predicted transmembrane helix following the ANK region, indicating that they are bound cell surface factors. Indeed, ISH staining of Drosophila larvae identified MCR associated with imaginal discs, the progenitors of adult organs (Bou Aoun et al. 2011 ).
An essential function of DmMCR has recently been discovered (Hall et al. 2014; Bätz et al. 2014) . MCR is a key component of the septate junction (SJ) between cells in polarized epithelia, co-localizing with other known SJ proteins, Coracle (Cor) and Neuroglian (Nrg). Loss of MCR results in mislocalization of SJ components and permeability of barrier epithelia. In hemocytes, MCR is localized to intracellular vesicles. A hypothetical function for MCR in immunity may be the coagulation of hemocytes and encapsulation of foreign bodies too large to be phagocytosed. Intriguingly, MCR is also strongly expressed in stage 1 of the germarium and in polar follicle cells. Oogenesis in Drosophila requires the formation of specific cellular junctions through which nurse cells deliver cytoplasm to the developing oocyte. The same nurse cells undergo non-apoptotic programmed cell death during late oogenesis, the mechanism of which is unclear (Jenkins et al. 2013) . A potential role of MCR in either of these processes remains to be explored.
Conclusion
Thirty years after the discovery of the intramolecular thioester bond, and almost a decade following the first crystal structure of complement factor C3, the general structure and function of TEPs can be understood at a high level of detail. The diversity of specific functions adopted by TEPs, however, arise from distinct conformations and interactions at the quaternary structural level, which are both more subtle and less easy to predict. This same diversity is part of fundamental inter-cellular decision-making processes: the recognition of self versus non-self and the choice between preservation and destruction
The complement system, a subject of study for over a century, continues to be a source of new cellular functions, such as the recent discovery of an intracellular role in T cell homeostasis (Liszewski et al. 2013) . The invertebrate TEPs, in contrast, are a virtually unexplored world of novel functions and mechanisms of innate immunity. Further structural and functional studies of iTEPs and MCRs may reveal not only just new mechanisms for TEPs in innate immunity but also new interfaces between immunity, development, and cell death. The lack of conservation between arthropod and vertebrate TEPs may also be leveraged to develop insect-specific adjuvants or immune-suppressants for future application in agriculture and control of infectious diseases transmitted by insect vectors.
